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We propose a method for producing on-demand single-photon states based on collision-induced
exchanges of photons and unbalanced linear absorption between two single-mode light fields. These
two effects result in an effective nonlinear absorption of photons in one of the modes, which can
lead to single photon states. A quantum nonlinear attenuator based on such a mechanism can
absorb photons in a normal input light pulse and terminate the absorption at a single-photon state.
Because the output light pulses containing single photons preserve the properties of the input pulses,
we expect this method to be a means for building a highly controllable single photon source.
PACS numbers: 42.50.Dv, 03.67.-a, 42.50.Gy
Generation and control of single-photon states are
not only of fundamental interest[1], but are also a cru-
cial component in realizing many quantum information
devices[2]. Secure key distribution in quantum cryptog-
raphy requires an optical source that can emit a train
of pulses each of which, to a very high probability, con-
tains only one photon[2]. Photons are said to exhibit
antibunching if the number fluctuations in the pulses
are reduced below the classical Poissonian distribution[1].
In addition, it has been shown that one can imple-
ment quantum computation using only linear optical ele-
ments and photodetectors, given a suitable single-photon
source[3]. In this case, however, one requires not only one
photon per pulse but also the more stringent condition
that consecutive photons have identical wave packets so
that they act as indistinguishable photons in a multi-
photon interference experiment[4].
Recently, several single-photon sources based on sin-
gle quantum systems have been demonstrated using
different devices, including dye molecules[5], quantum
wells[6], color centers[7], trapped atoms[8] and quan-
tum dots [9, 10]. In particular, quantum dots and
color centers have already been successfully applied to
quantum cryptography [11]. At present, only quantum
dots have exhibited the ability to emit photons that are
largely identical[4], as required for quantum computa-
tion [3]. However, the utility of these quantum dots
as single-photon sources are limited by decoherence due
to phonon-scattering which causes the spontaneously-
emitted photons to become distinguishable[4, 12]. On the
other hand, lasers, combined with well-developed light
modulation techniques, have many advantages in pro-
ducing identical pulses at the Fourier transform limit.
Ideally, we would like to be able to attenuate the laser
intensity until only one photon is left in each pulse. So
far, no mechanisim based on absorption has been found
useful in producing on-demand single photons, i.e. gen-
erating single photons at arbitrary predetermined times
within short time intervals. Ordinary linear absorption
cannot produce on-demand single photons because the
photon number fluctuations of even very faint laser pulses
passing through a linear attenuator still obeys Poissonian
statistics [1]. Detection of one of the twin photons cre-
ated by parametric down-conversion is a possible method
of producing single photons, but the generation time of
a photon pair is randomly distributed and therefore does
not satisfy the on-demand condition [13]. Two-photon
absorption can also attenuate a multi-photon state to a
single-photon state, but the probability of producing a
single-photon state is at most 50% [14].
In this paper, we propose a new method for generating
on-demand single-photon states by nonlinear absorption.
Since there is no difficulty in obtaining well-controlled
light pulses by ordinary laser techniques, we simply as-
sume that “on demand” one can send a laser pulse, which
contains many photons, through a quantum third-order
nonlinear attenuator. In the attenuator, the Hamilto-
nian for mode aˆ of the light field contains an interaction
term of the form, ~Uaˆ†aˆaˆGˆ†+ adj., where Gˆ denotes the
annihilation operator of the vacuum bath field, and U
denotes the coupling coefficient. Intuitively, this damp-
ing process leads to a cascade down the number states
of mode aˆ terminating in one photon: aˆ†aˆaˆ|2〉 → |1〉.
This should be contrasted with two-photon absorption
where the even number states terminate in the vaccum
aˆ2|2〉 → |0〉, such that the final state is a equal mixture
2of 1 and 0 photons. In addition, we analyze the degre-
dation of this mechanism in the presence of other loss
mechanisms to clarify the requirement for realizing the
quantum nonlinear attenuator experimentally.
The basic idea of the proposal is based on nonlinear
coupling and extremely unbalanced linear absorption of
two-mode light fields. We consider two quantized light
fields in the attenuator as two independent normalized
modes, A and B (if they are degenerate in frequency,
then they are orthogonal). These two modes couple to
four independent vacuum fields Q, R, S and T. The total
Hamiltonian of the system can be written as
Hˆ = Hˆ0 + HˆI + Hˆi + HˆR (1)
where Hˆ0 = ~ωaaˆ
†aˆ + ~ωbbˆ
†bˆ, HˆR =∑
i ~ωqiqˆ
†
i qˆi +
∑
i ~ωrirˆ
†
i rˆi +
∑
i ~ωsisˆ
†
i sˆi +
∑
i ~ωtitˆ
†
i tˆi,
Hˆi = aˆ
†
∑
i ~fiqˆi + bˆ
†
∑
i ~girˆi + aˆ
†aˆ†
∑
i ~uisˆi +
aˆ†aˆ†aˆ†
∑
i ~wi tˆi + adj. and a nonlinear interaction term
HˆI = ~U1aˆ
†aˆ†aˆaˆ+ ~U2bˆ
†bˆ†bˆbˆ + ~U3aˆ
†aˆbˆ†bˆ (2)
+[~U4aˆ
†aˆaˆbˆ† + ~U5aˆbˆ
†bˆ†bˆ+ ~U6aˆaˆbˆ
†bˆ† + adj.].
Here aˆ and bˆ are Boson annihilation operators of the
modes A and B, and qˆi, rˆi, sˆi and tˆi are Boson an-
nihilation operators of the i-th modes of the reservoirs
Q, R, S and T, respectively. All these operators satisfy
the bosonic commutation relations. ωa, ωb, ωqi, ωri, ωsi
and ωti are the eigen-frequencies of the above mentioned
modes, as denoted by their suffixes, and fi = f(ωqi),
gi = g(ωri), ui = u(ωsi) and wi = w(ωti) are coupling
coefficients of the modes A and B with the i-th modes of
the four vacuum fields, respectively. U1 ∼ U6 denote the
frequencies of interaction strengths between photons in
the modes A and B. The values of U1 ∼ U3 are real due
to the Hermitian nature of the Hamiltonian.
The essential term for our nonlinear attenuator scheme
is U4aˆ
†aˆaˆbˆ†, where U4 is assumed to be nonvanishing.
In terms of the spatial mode functions this coefficient is
given by U4 ∝
∫
d3x|Qa(x)|
2Qa(x)Q
∗
b (x), where Qa(x)
and Qb(x) are the spatial mode functions corresponding
to the operators aˆ and bˆ. This term is often neglected
in conventional nonlinear optics because if Qa(x) and
Qb(x) are plane waves with the same frequency but dif-
ferent momentum, then this term does no satisfy momen-
tum conservation. However, if there is some momentum
transfer from photons to the medium, then U4 has a fi-
nite value. For example, if Qa(x) or Qb(x) correspond
to localized modes or if there is a momentum recoil of
the atoms in the gaseous nonlinear media that mediates
the interaction between photons in the two modes (In
this case, the wave function of the atoms must be added
into the integral of U4.). Alternatively, if the modes A
and B differ in frequency, we assume that the two mode
functions Qa(x) and Qb(x) overlap significantly so that
U4 is sufficiently large and there is still a non-vanishing
average photon transfer between the two modes.
Next, we reduce the above total Hamiltonian and focus
our discussion on the quantum dynamical behavior of the
mode A. From Eq. (1), we can derive the Langevin equa-
tion for the annihilation operator bˆ. Assuming the cou-
pling coefficient, gi, between the mode B and the vacuum
field R is much larger than other coupling coefficients as
well as photon interacting strengths U2 ∼ U6, we can ne-
glect all other coupling terms in the Langevin equation
and use the adiabatic approximation to derive bˆ(t) ≈
2Gˆ(t)/Γb, where Gˆ(t) = −i
∑
j gj rˆj(t0)e
−iωrj(t−t0), Γb =
2piDr(ωb)|g(ωb)|
2 and Dr(ω) denotes the mode density
of the vacuum field R at frequency ω. It is evident that
under the perturbation of the vacuum field the actual
frequency spectrum of the mode B is much broadened.
Then from the total Hamiltonian, we can get an effective
Hamiltonian for the mode A,
Hˆeff = Hˆ0e + Hˆie + HˆR, (3)
where Hˆ0e = ~ωaaˆ
†aˆ + ~U1aˆ
†aˆ†aˆaˆ and Hˆie =
~U4aˆ
†aˆaˆ2Gˆ†/Γb + aˆ
†
∑
i ~fiqˆi + aˆ
†aˆ†
∑
i ~uisˆi +
aˆ†aˆ†aˆ†
∑
i ~wi tˆi + adj.. Note that in the derivation
we keep only the first-order terms in 1/Γb, because
the damping rate Γb is very large and the photon
number of the mode A is very small. From this effective
Hamiltonian and making the Markov approximation, we
can derive a master equation for the mode A:
dρ(t)
dt
= −
Γe
2
[aˆ†aˆ†aˆaˆ†aˆaˆρ(t)− aˆ†aˆaˆρ(t)aˆ†aˆ†aˆ]
−
Γq
2
[aˆ†aˆρ(t)− aˆρ(t)aˆ†]−
Γs
2
[aˆ†aˆ†aˆaˆρ(t)− aˆaˆρ(t)aˆ†aˆ†]
−
Γt
2
[aˆ†aˆ†aˆ†aˆaˆaˆρ(t)− aˆaˆaˆρ(t)aˆ†aˆ†aˆ†] + adj.(4)
where Γq = 2piDq(ωa)|f(ωa)|
2, Γs = 2piDs(ωa)|u(ωa)|
2,
Γt = 2piDt(ωa)|w(ωa)|
2 and Γe = Γa|2U4/Γb|
2 are the
linear damping rate, the two-photon damping rate, the
three-photon damping rate and the effective nonlinear
damping rate, respectively. Note that the mode density
Dr (or Dq, or Ds, or Dt) and mode coupling strength
g (or f , or u, or w) are assumed to be broad and flat
around the frequency ωa, so that the variation of the
product due to the frequency shift produced by the non-
linear term ~U1aˆ
†aˆ†aˆaˆ is negligible. The relation of Γe
with the linear damping rate Γa = 2piDr(ωa)|g(ωa)|
2
and U4 indicates that the effective nonlinear damping
of photons in the mode A comes from the combination
of photon-interaction-induced transfer from the mode A
to the mode B and the strong linear damping of photons
in the mode B.
In an ideal attenuator, where the damping rates Γq =
Γs = Γt = 0, the final steady state of the light field can
be a single-photon state. From Eq. (4), we can derive the
equation for the matrix elements of ρ(t) =
∑
k,l ρkl|k〉〈l|
as follows,
dρkl
dt
= −(Γe/2)[k(k − 1)
2 + l(l − 1)2]ρkl
+Γe
√
k2(k + 1)l2(l + 1)ρk+1,l+1 (5)
3¿From this equation, we see that the density matrix el-
ements with k or l > 1 always damp, and the damping
of the density matrix elements at larger photon num-
bers leads to growth of the density matrix elements at
smaller photon numbers. If both k and l equal 1 or 0,
then the damping rates disappear. ρ11 still grows due to
the damping of ρ22, but ρ00 decouples from other density
matrix elements and its value is determined only by the
initial states of the light field. Thus so long as the initial
state has a finite number of photons on average and has
zero probability at the zero photon number state, then
after a sufficient time of evolution in the attenuator, the
final steady state of the light field must be a single-photon
state.
The dynamics of the nonlinear attenuation is more
clearly demonstrated by numerical solution of the master
equation (4). Solid lines in Fig. 1 show the time evolution
of the average photon number 〈n〉 = 〈aˆ†aˆ〉 and standard
deviation σ(n) = 〈(aˆ†aˆ)2 − 〈aˆ†aˆ〉2〉1/2 in a pure effec-
tive nonlinear absorption process starting from a coher-
ent state |α〉. We clearly observe that the average photon
number 〈n〉 asymptotically approaches 1 and the stan-
dard deviation σ(n) is simultaneously greatly reduced
when the evolution time is sufficient long in comparison
with 1/Γe. Because the standard deviation σ(n) is much
smaller than the average photon number 〈n〉, the final
state is approximately squeezed to a Fock state, in which
the photon number n = 1. The probability for achiev-
ing this single-photon state at t = 100Γ−1, as shown by
the black bars in the inset, demonstrating this point fur-
ther. Thus such a nonlinear attenuator can attenuate
the light field nonlinearly such that the attenuation ter-
minates at one photon. This is just the property that
is required for an on-demand single-photon source. In
contrast, a process based on two-photon absorption (or
three-photon) absorption cannot produce single photons
on demand. Dashed lines (or dotted lines) in Fig. 1 show
that the average photon number is less than 1 and the
standard deviation remains very large even at t≫ Γ−1 in
a pure two-photon (or three-photon) absorption process.
In the two-photon (or three-photon) absorption process,
the probability for achieving single photons is actually
only 1/2 (or 1/3) at most, as shown by the gray bars (or
the white bars). In this situation, the standard deviation
of photon numbers in the effective nonlinear absorption
process does no reach zero, because of the initial occupa-
tion of the zero photon state. To achieve single photons
with high reliability, a requirement for the initial coher-
ent state with sufficiently large average photon number
is therefore necessary.
In a real system, linear absorption and two-photon ab-
sorption are not likely to be eliminated completely, thus
it is necessary to consider their negative influence on the
single photon generation process. Figure 2 shows the
damping processes in cases of mixed absorptions. When
the damping time t ≫ Γ−1e , two-photon absorption de-
creases the average photon number, which asymptotically
approaches a constant less than 1, and increases the stan-
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FIG. 1: Dependence of average photon number 〈n〉 (thick
lines) and standard deviation σ(n) (thin lines) on time t for
three damping processes: (1) Γ = Γe, Γq = Γs = Γt = 0Γ
(solid lines); (2) Γ = Γs, Γe = Γq = Γt = 0Γ (dashed lines);
(3) Γ = Γt, Γe = Γq = Γs = 0Γ (dotted lines); Inset shows
the probability distribution of the photon number n at t =
100Γ−1: black bars for process (1), gray bars for process (2),
white bars for process (3). The three processes start from the
same coherent state |α〉, where α = 3.
dard deviation σ(n), as shown by solid lines. Hence the
probability of single-photon state is decreased due to the
presence of two-photon absorption. Linear absorption
appears to produce much stronger negative influence on
the single photon generation process. It decreases the
average photon number to zero and increases the fluctua-
tion of the photon number more significantly if the damp-
ing time t ≫ Γ−1e , as shown by the dotted lines. How-
ever, the local minimum of σ(n) indicates that it is still
possible to achieve single-photon states with fairly large
probability at an intermediate time t slightly larger than
Γ−1e . In particular, the inset shows that even when lin-
ear absorption and two-photon absorption coexists with
the effective nonlinear absorption, it is still possible to
achieve single-photon states with very large probability
at intermediate times.
Next, we summarize the medium requirements and
give some suggestions for experimental realization of the
above theoretical model. First, because the effective non-
linear damping rate Γe is proportional to the photon in-
teraction strength |U4|
2, the medium must provide strong
Kerr nonlinearity so that the effective nonlinear damp-
ing rate Γe overcomes other damping rates; second, the
medium must provide very different linear absorption be-
tween the mode A and the mode B, and in particular, the
linear absorption for the mode A must be much smaller
than the effective nonlinear absorption. One can real-
ize different linear absorption of the two modes by using
narrow band optical elements (like Fabry-Perot cavities),
spatial filters, or polarizing elements (like optical isola-
tors) to transmit the mode A and attenuate the mode
B in the case where the mode A and the mode B dif-
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FIG. 2: Dependence of average photon numbers 〈n〉 (thick
lines) and standard deviations σ(n) (thin lines) on time t for
three damping processes: (1) Γq = 0.05Γe and Γs = Γt = 0Γe
(solid lines); (2) Γq = Γt = 0Γe and Γs = 0.05Γe (dotted
lines); (3) Γq = Γs = 0.025Γe and Γt = 0Γe (dashed lines).
Inset shows the probability distribution of the photon number
n at the local minimum of σ(n) in process (3) at t ≈ 2.5Γ−1e ,
as denoted by the arrow. The three processes start from the
same coherent state |α〉, where α = 3.
fer in frequency, are orthogonal in spatial distribution,
or are orthogonal in polarization, respectively. Although
one type of medium is not usually adequate for making
any optical structure (such as a waveguide) to confine
localized modes A and B, we think electro-magnetically
induced transparency atomic vapor may be a good can-
didate for at least one of the composition mediums be-
cause, in the case of a four-level medium, it has been
found to provide a giant optical Kerr effect and simulta-
neously vanishing linear and two-photon absorption [15].
In addition, because the medium is a vapor, momentum
transfer from photons to atoms can occur which can me-
diate an interaction between the mode A and the mode B
in the case when they are unlocalized modes of different
momenta. If the atoms have more magnetic sublevels,
the vapor can also mediate the interaction between op-
tical modes of different polarization so that the mode A
and the mode B can be orthogonal in polarization.
In conclusion, we have proposed a new method for pro-
ducing on-demand single-photon states. The method is
based on collision-induced exchanges of photons and un-
balanced linear absorption between two-mode light fields.
We have shown that the two effects result in an effec-
tive nonlinear absorption of photons in one of the modes,
which can lead to single photon states. Thus a quantum
nonlinear attenuator based on such a mechanism can ab-
sorb photons in a normally controlled input light pulse
and terminate the absorption at a single-photon state
which inherits many properties of the input pulse, such
as mode structure, polarization, and pulse shape. In con-
trast to single-photon sources based on single quantum
systems, this attenuation method allows for the use of
laser pulses (via mature laser techniques) to produce sin-
gle photons. Thus we can expect that this method will
have many advantages in producing and controlling iden-
tical single-photon pulses.
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